Abstract-In this paper, we present and discuss simultaneous records of current and wideband electric field waveforms at 380 km distance from the strike point associated with an upward bipolar flash initiated from the Säntis Tower. The flash contains 23 negative strokes and one positive stroke. The height of the ionospheric reflection for the positive pulse was inferred to be about 94.9 km, a value which is significantly higher than for negative pulses of this same flash, which range from 73 to 81 km. It is also found that the ratio of the peak field to the current peak is about two times smaller for the positive pulse compared to negative pulses. This difference can be attributed to a lower return stroke speed for the positive stroke compared to that for negative strokes, and also to the fact that the enhancement of the electric field due to the presence of the tower and the mountain might be more significant for negative pulses, which are characterized by faster risetimes, than for the positive pulse.
INTRODUCTION
In a bipolar flash, the current waveform exhibits a polarity reversal, corresponding to a charge transfer to ground of both negative and positive polarities [1] , [2] . Bipolar flashes are usually initiated by upward leaders from tall structures, but they can also be downward flashes [3] .
About 3% of the flashes recorded at the Säntis Tower are bipolar [4] . Fig. 1 shows the monthly distribution of negative, positive and bipolar lightning flashes accumulated over the period ranging from June 2010 to July 2016. It can be seen that positive and bipolar flashes occurred mostly during the warmer seasons (May to October).
Current waveforms associated with bipolar flashes were first reported by McEachron from his studies at the Empire State Building [5] . Further studies on bipolar lightning are based either on lightning current observations (e.g., [6] , [7] , [4] ), or electromagnetic fields, sometimes with high-speed video observations (e.g., [8] - [11] ). Only rarely have observations been reported that include simultaneous records of currents and fields (e.g., [12] - [14] ). In this paper, we present and discuss simultaneous records of current and wideband electric field waveforms at a 380 km distance from the strike point associated with an upward bipolar flash initiated from the Säntis Tower. The flash was recorded on September 21, 2014 and it contained 23 negative strokes and one positive pulse superimposed on the initial-stage current and belongs to the category I bipolar flashes according to the classification proposed by Rakov [15] . In this paper, we will treat the positive pulse as a stroke.
The rest of this paper is organized as follows. Section II briefly reviews the instrumentation installed at the Säntis Tower, Switzerland and the electric field measurement station in Neudorf, Austria. A brief description of the obtained data is presented in Section III. The analysis and discussion of the results are given in Section IV. Finally, conclusions are presented in Section V.
II. EXPERIMENTAL SETUP AND INSTRUMENTATION

A. Current Measurement System at the Säntis Tower
The 124-m tall Säntis Tower has been instrumented since May 2010 using advanced equipment including remote monitoring and control capabilities for accurate measurement of lightning current parameters enabling a high-resolution sampling of lightning currents over long observation windows [16] , [3] . The analog outputs of the sensors are relayed to a digitizing system by means of optical fiber links. The system allows over-the-Internet remote maintenance, monitoring, and control.
A PXI platform with a current sampling rate of 50MS/s is used to digitize and record measured waveforms. The lightning current is recorded over a 2.4-s time with a pretrigger delay of 960 ms.
In 2013-2014, a certain number of updates were made to the overall measuring system. More details on the measurement sensors and instrumentation system can be found in [3] , [16] - [19] .
B. Electric Field Measurement System
Vertical electric fields were measured at a distance of 380 km from the tower (in Neudorf, Northern Austria) by way of a flat-plate antenna and digitized with a sampling rate of 5 MS/s [20] . The antenna was installed on the roof of a building with an estimated enhancement factor of about 2.5 [20] . The measured field values were corrected to account for this enhancement. The integrator decay time constant was 0.5 ms, corresponding to a lower cutoff frequency of about 300 Hz. The triggering signal was relayed to the field measurement station using TCP/IP over the Internet from the Säntis tower. The locations of the Säntis Tower and the field measuring station in Neudorf are shown in Fig. 2 . More information on the electric field measurement system in Neudorf can be found in [20] .
III. OBTAINED DATA
We present here an upward bipolar lightning flash recorded on September 21, 2014 at 15:14:09 (local time) along with its associated vertical electric fields in Neudorf, at 380 km from the Säntis Tower. Fig. 3a shows the overall current waveform which contains an Initial Continuous Current (ICC) of negative polarity which lasted for about 320 ms (from 880 to 1200 ms) and included more than 20 superimposed pulses with peak values of about 0.6 to 6.1 kA. After this initial current of negative polarity, the flash exhibits a polarity reversal of the current during its initial stage, therefore belonging to category I according to the classification proposed by Rakov [15] . It is worth noting that this bipolar flash can also be classified as being of Category III which involves return strokes of opposite polarity, assuming that the positive pulse can be treated as a stroke (which we do in this paper). The positive stroke is characterized by a peak current of 39.6 kA and a risetime of 31 Ps. An expanded view of the initial stage of the current in which the ICC is resolved is shown in the inset of the figure.
The associated vertical electric field of this flash is shown in Fig. 3b . It should be noted that our field measuring system exhibited a high noise level at frequencies of 200, 300, 400 and 500 kHz. In order to reduce the noise, 20-kHz bandwidth notch filters centered at each of the above-mentioned frequencies were applied to all recorded signals. Fig. 4 presents the plots of the individual waveforms of current and electric field associated with the positive pulse of the bipolar flash. Fig. 5 and 6 present similar plots for two negative return strokes of the same flash.
IV. ANALYSIS OF INDIVIDUAL POSITIVE AND NEGATIVE PULSES
A. Simultaneous Current and Electric Field Waveforms
As discussed in [21] , a 60-kHz ringing can be seen in all the measured E-field waveforms. This effect might be due to the cable-car grounding wires of about 2.3 km in length connecting the Säntis Tower to the mountain base, which could form a halfwave resonator at that frequency [21] .
B. Ionospheric Reflections
Using the zero-to-zero approach [22] , one can infer the height of the reflection for the positive pulse to be about 94 km. It should be noted that this flash occurred during daytime when the average height of reflection should be about 77 km.
This flash contains numerous other negative pulses, both before and after the positive one. Fig. 7 shows, sequentially, the evaluated reflection heights for pulses of this flash that exhibited ionospheric reflections. As it can be seen, the reflection height of the positive pulse (94.9 km) is significantly higher than those for negative ICC pulses and return strokes in this flash, which range from 73 to 81 km.
Changes of ionospheric reflection height for first and subsequent return strokes in downward flashes were reported in [22] , [23] . They also observed that the reflection height tends to increase with increasing return-stroke peak current. Azadifar et al. [21] , in their analysis of negative upward flashes initiated from the Säntis Tower, did not observe any significant variation of the reflection height as a function of stroke order within a flash. As discussed in [21] , this might be due to the fact that the peak currents in their recorded upward flashes were much smaller than the downward flashes studied by Somu et al. [23] .
In our dataset (see Fig. 7 ), the reflection height inferred for negative strokes before and after the positive pulse assumes very similar values, while the estimated reflection height for the positive pulse is significantly higher. This is to some extent consistent with the analysis of [22] , [23] , given that the return stroke current peaks for negative strokes range from 2.9 to 13.2 kA, while the positive pulse peak is about 40 kA. More data and further analyses are needed to understand the dependence of the reflection height on the source characteristics (return stroke current peak, frequency content, polarity, channel geometry, etc.). Fig. 8 shows a scatterplot of electric field peak versus current peak for all the 24 detected pulses. Negative pulses are shown in blue and the measured positive one is shown in red in this figure. The best fit linear regression (forced to go through the origin of coordinates) is also shown in Fig. 8 .
C. Field-to-Current Conversion Factor
It can be seen that the ratio of the peak field to the current peak is much smaller (factor of about 2.3) for the positive pulse compared to negative pulses. Among reasons that could explain this difference are: -The return stroke speed for positive strokes is, in general, smaller than that for negative strokes [24] - [26] ; -The enhancement of the electric field due to the presence of the tower and the mountain [27] - [31] might be more significant for negative pulses, which are characterized by faster risetimes, than for positive pulses.
A recent full wave theoretical analysis of the propagation effects of lightning electromagnetic fields over mountainous terrain [31] , supported by experimental observations consisting of simultaneous records of lightning currents and electric fields associated with upward negative lightning flashes to the instrumented Säntis Tower revealed that the combined effect of the tower and the mountainous terrain topography around the Säntis Tower results in an enhancement of the radiated electric field from negative return strokes. Further full-wave analysis is needed to investigate the effect of these factors on the propagation of radiated electromagnetic fields associated with positive return strokes. V. CONCLUSION
We presented and discussed simultaneous records of current and wideband electric field waveforms at 380 km distance from the strike point associated with a bipolar upward flash initiated from the Säntis Tower. The recorded flash contains 23 negative and one positive strokes.
The height of the ionospheric reflection for the positive pulse was inferred to be about 94.9 km, a value which is significantly higher than for negative pulses of this same flash, which range from 73.3 to 80.9 km.
It is also found that the ratio of the peak field to the current peak is about two times smaller for the positive pulse compared to negative pulses. This difference can be attributed to a lower return stroke speed for the positive stroke, compared to the negative strokes, and also to the fact that the enhancement of the electric field due to the presence of the tower and the mountain might be more significant for negative pulses, which are characterized by faster risetimes, than for the positive pulse. 
